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41 LQWURGXFWLRQ

Frlqwhjudwlrq lv dq hqruprxvo| lpsruwdqw frqfhsw lq hpslulfdo pdfurhfrqrplfv dqg �qdqfh1

Wkh lghd wkdw wkhuh duh vwdeoh uhodwlrqvklsv dprqj shuvlvwhqw yduldeohv lv dsshdolqj erwk wkh0

ruhwlfdoo| dqg hpslulfdoo|1 Wkh fdqrqlfdo gh�qlwlrq ri frlqwhjudwlrq lv wkdw wkhuh h{lvwv d

vwdwlrqdu| olqhdu frpelqdwlrq ri yduldeohv wkdw kdyh xqlw urrwv1 Uhvhdufkhuv w|slfdoo| hvwl0

pdwh frlqwhjudwlqj uhjuhvvlrqv e| dq hvwlpdwru vxfk dv svhxgr0Jdxvvldq pd{lpxp olnholkrrg

lq d yhfwru huuru0fruuhfwlrq prgho +Mrkdqvhq 4<;;, ru g|qdplf ROV +Vwrfn dqg Zdwvrq 4<<6

dqg rwkhuv,1 Dvvxplqj wkdw wkh uhjuhvvruv kdyh h{dfw xqlw urrwv/ wkhvh hvwlpdwruv duh dv0

|pswrwlfdoo| h!flhqw dqg dv|pswrwlfdoo| htxlydohqw dqg wkh dvvrfldwhg w dqg I vwdwlvwlfv iru

k|srwkhvlv whvwv rq wkh frlqwhjudwlqj yhfwru kdyh wkhlu xvxdo qrupdo dqg �2 qxoo olplwlqj

glvwulexwlrqv1

Exw wkhuh lv dq lpsruwdqw odfn ri urexvwqhvv lq wkhvh dssurdfkhv wr lqihuhqfh zklfk

zdv �uvw qrwhg e| Hoolrww +4<<;, dqg vxevhtxhqwo| e| Vwrfn dqg Zdwvrq +4<<9, dqg Zuljkw

+4<<<,1 Wkh sureohp lv wkdw li wkh uhjuhvvruv lq wkh sxwdwlyh frlqwhjudwlqj uhjuhvvlrq kdyh

urrwv wkdw duh voljkwo| ehorz rqh/ whvwv edvhg rq frpsdulqj wkh w dqg I vwdwlvwlfv edvhg

rq frqyhqwlrqdo hvwlpdwruv zlwk qrupdo ru �2 fulwlfdo ydoxhv fdq kdyh vl}h idu deryh wkh

qrplqdo ohyho1 Ri frxuvh/ wkh gh�qlwlrq ri frlqwhjudwlrq uhtxluhv doo wkh yduldeohv wr kdyh

xqlw urrwv dqg dffruglqjo| lw lv frqyhqwlrqdo wr dsso| d xqlw urrw whvw wr hdfk yduldeoh

ehiruh surfhhglqj wr d frlqwhjudwlrq dqdo|vlv1 Exw wkhvh xqlw urrw whvwv kdyh srru srzhu lq

vpdoo vdpsohv dqg duh qrw frqvlvwhqw djdlqvw wkh dowhuqdwlyh wkdw wkh yduldeoh lq txhvwlrq
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kdv d urrw wkdw lv lq d �*A qhljkerukrrg ri xqlw|/ zkhuh A lv wkh vdpsoh vl}h1 Wkh vl}h

glvwruwlrqv lq wkh frqyhqwlrqdo dssurdfkhv wr frlqwhjudwlrq dqdo|vlv duh vhulrxv hyhq zkhq

wkh yduldeohv kdyh urrwv zklfk duh vr forvh wr wkh xqlw flufoh wkdw wkh xqlw urrw whvwv kdyh

olwwoh srzhu1 Hoolrww ghulyhg wkh qrqvwdqgdug dv|pswrwlf glvwulexwlrqv ri wkh frqyhqwlrqdo

w dqg I vwdwlvwlfv iru k|srwkhvlv whvwv rq wkh frlqwhjudwlqj yhfwru/ zkhq wkh uhjuhvvruv lq

wkh sxwdwlyho| frlqwhjudwlqj uhjuhvvlrq duh lq d �*A qhljkerukrrg ri xqlw|1 Kh vkrzhg wkdw

vhyhuh dv|pswrwlf vl}h glvwruwlrqv zloo uhvxow iurp xvlqj wkh frqyhqwlrqdo fulwlfdo ydoxhv1

Doorzlqj wkh odujhvw dxwruhjuhvvlyh urrw ri wkh uhjuhvvruv wr ghshqg rq wkh vdpsoh vl}h lv

vlpso| d vwdwlvwlfdo ghylfh zklfk kdv ehhq irxqg wr surylgh d jrrg dssur{lpdwlrq wr wkh

vdpsolqj glvwulexwlrq ri hvwlpdwruv dqg whvw vwdwlvwlfv lq vpdoo vdpsohv zlwk urrwv forvh wr

wkh xqlw flufoh +vhh h1j1 Vwrfn +4<<8, dqg wkh uhihuhqfhv wkhuhlq,1 Lw dovr pdnhv frqfuhwh

wkh odfn ri urexvwqhvv zlwk zklfk wklv sdshu lv frqfhuqhg> qdpho| d odfn ri urexvwqhvv ri

frqyhqwlrqdo frlqwhjudwlrq phwkrgv wr ylrodwlrqv ri wkh xqlw urrw k|srwkhvlv zklfk d suhwhvw

zloo kdyh gl!fxow| lq ghwhfwlqj1

Wkh odfn ri urexvwqhvv qrwhg e| Hoolrww +4<<;, lv dq lpsruwdqw sudfwlfdo sureohp eh0

fdxvh ri wkh hqruplw| ri wkh srwhqwldo vl}h glvwruwlrqv dqg ehfdxvh uhvhdufkhuv uduho| kdyh

uhdvrq wr eh frq�ghqw wkdw yduldeohv kdyh h{dfw xqlw urrwv1 Lqghhg/ iru pdq| hfrqrplf ydul0

deohv vxfk dv lqwhuhvw udwhv/ wkhuh duh vwurqj wkhruhwlfdo uhdvrqv wr eholhyh wkdw wkhlu hylghqw

shuvlvwhqfh vkrxog eh fkdudfwhul}hg e| d urrw voljkwo| ehorz xqlw|1

Wklv sdshu sursrvhv dq dssurdfk wr lqihuhqfh lq d frlqwhjudwlqj v|vwhp zklfk lv ur0
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exvw wr wkh uhjuhvvruv kdylqj urrwv voljkwo| ehorz rqh1 Wkh lghd lqyroyhv lqvwuxphqwlqj wkh

uhjuhvvruv lq wkh frlqwhjudwlqj uhjuhvvlrq e| ghwhuplqlvwlf sro|qrpldo wlph wuhqgv/ ru e| du0

wl�fldoo| jhqhudwhg udqgrp zdonv1 Dowkrxjk lqghshqghqw ri wkh uhjuhvvruv e| frqvwuxfwlrq/

wkhvh lqvwuxphqwv zloo eh kljko| fruuhodwhg zlwk wkh uhjuhvvruv> wklv lv ri frxuvh d vsxulrxv

fruuhodwlrq1 L vkrz wkdw lq wkh mxvw lghqwl�hg fdvh/ wkh I vwdwlvwlf iru k|srwkhvlv whvwv rq wkh

hqwluh frlqwhjudwlqj yhfwru dvvrfldwhg zlwk wklv lqvwuxphqwdo yduldeohv +LY, hvwlpdwru kdv d

�2 qxoo olplwlqj glvwulexwlrq1 Wklv lv wuxh uhjdugohvv ri wkh hqgrjhqhlw| ri wkh frlqwhjudwlqj

uhjuhvvruv dqg uhjdugohvv ri zkhwkhu wkh uhjuhvvruv kdyh h{dfw xqlw urrwv/ ru urrwv orfdo wr

xqlw|1 Frq�ghqfh vhwv iru wkh yhfwru ri frlqwhjudwlqj frh!flhqwv pd| khqfh eh iruphg/ e|

dsshdo wr wkh gxdolw| ehwzhhq k|srwkhvlv whvwv dqg frq�ghqfh vhwv/ dqg wkhvh frq�ghqfh

vhwv zloo qrw vx�hu iurp wkh odfn ri urexvwqhvv qrwhg e| Hoolrww +4<<;,1 Wklv dssurdfk wr

lqihuhqfh lq d frlqwhjudwlqj v|vwhp lv frpsxwdwlrqdoo| dqg frqfhswxdoo| frqvlghudeo| vlpsohu

wkdq rwkhu dydlodeoh urexvw dowhuqdwlyhv dqg fdq lq dgglwlrq eh pruh srzhuixo1

Wkh lghd ri hvwlpdwlqj frlqwhjudwlqj frh!flhqwv xvlqj ghwhuplqlvwlf sro|qrpldo wlph

wuhqgv ru duwl�fldoo| jhqhudwhg udqgrp zdonv dv lqvwuxphqwv zdv �uvw sursrvhg e| Skloolsv

dqg Kdqvhq +4<<3,/ zkr vkrzhg wkdw wklv hvwlpdwru zdv frqvlvwhqw exw glg qrw holplqdwh

hqgrjhqhlw| eldv1 Wklv hvwlpdwru lv qrw krzhyhu zlgho| xvhg1 Wkh frqwulexwlrq ri wklv

sdshu lv wr vkrz wkdw wkh I vwdwlvwlf iru k|srwkhvlv whvwv rq wkh hqwluh frlqwhjudwlqj yhfwru

dvvrfldwhg zlwk wklv hvwlpdwru kdv d vwdqgdug qxoo olplwlqj glvwulexwlrq wkdw lv iuhh ri qxlvdqfh

sdudphwhuv hyhq zkhq wkh uhjuhvvruv kdyh urrwv orfdo wr xqlw|/ udwkhu wkdq h{dfw xqlw urrwv/
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dqg vr r�huv d vroxwlrq wr wkh sureohp qrwhg e| Hoolrww +4<<;,1 Wklv sdshu lv dovr uhodwhg

wr wkh zrun ri Sdun +4<<3,/ zkr sursrvhg whvwlqj d qxoo ri frlqwhjudwlrq e| whvwlqj iru

fruuhodwlrq ehwzhhq wkh uhvlgxdov ri wkh sxwdwlyh frlqwhjudwlqj uhjuhvvlrq dqg sro|qrpldo

wlph wuhqgv1 Krzhyhu/ wklv sdshu lv qrw frqfhuqhg zlwk whvwlqj iru frlqwhjudwlrq/ exw udwkhu

zlwk lqihuhqfh rq wkh frlqwhjudwlqj frh!flhqwv/ zkhq wkh uhjuhvvruv pd| qrw kdyh h{dfw xqlw

urrwv1

Wkh sodq ri wkh uhpdlqghu ri wklv sdshu lv dv iroorzv1 Lq vhfwlrq 5 wkh prgho dqg

wkh sursrvhg whvw duh ghvfulehg dqg wkh frqvlvwhqf| ri wkh whvw djdlqvw �{hg dowhuqdwlyhv lv

vkrzq1 Lq vhfwlrq 6 lwv orfdo dv|pswrwlf srzhu lv frpsduhg wr wkdw ri rwkhu whvwv1 Vhfwlrq 7

frqwdlqv d �qlwh vdpsoh Prqwh0Fduor vlpxodwlrq1 Dq hpslulfdo dssolfdwlrq ri wkh sursrvhg

phwkrgrorj| lv uhsruwhg lq vhfwlrq 81 Vhfwlrq 9 frqfoxghv1

51 WKH PRGHO DQG SURSRVHG PHWKRG

Frqvlghu wkh prgho

+| ' >+ n q�%| n ��|

%| ' >% n �|c �| ' ��|3� n �2|c � ' UR n A3��c

zkhuh q lv d s{4 sdudphwhu yhfwru dqg � lv d �{hg s{s pdwul{1 Lw lv dvvxphg wkdw �| '

E��|c �
�

2|�
� ' (Eu�0|/ zkhuh 0| ' E0�|c 0

�

2|�
� lv d }hur0phdq l1l1g1 udqgrp yhfwru/ hdfk hohphqw ri
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zklfk kdv 7 �qlwh prphqwv dqg (Eu� lv d 40vxppdeoh odj0sro|qrpldo1 Xqghu wkhvh dvvxps0

wlrqv/ wkh ixqfwlrqdo fhqwudo olplw wkhruhp EA3�*2P
dAoo
|'���|c A

3�*2P
dAoo
|'��

�

2|�
� , EL�Eo�c L2Eo�

���

lv vdwlv�hg/ zkhuh L�Eo� lv d vfdodu Eurzqldq prwlrq dqg L2Eo� lv d s0yhfwru Eurzqldq

prwlrq�

Li %| zhuh h{dfwo| L+4, +� ' f,/ wkhq wklv zrxog eh wkh vwdqgdug prgho ri frlqwhjudwlrq

lq wuldqjxodu irup1 Dv h{sodlqhg lq wkh lqwurgxfwlrq/ L gr qrw zlvk wr lpsrvh wkh h{dfw xqlw

urrwv dvvxpswlrq dqg vr doorz iru � wr eh qrq}hur1 Krzhyhu/ %| lv vx!flhqwo| shuvlvwhqw wkdw

xqlw urrw whvwv zloo kdyh gl!fxow| lq uhmhfwlqj wkh h{dfw xqlw urrw k|srwkhvlv> pruh suhflvho|/

wkhvh whvwv zloo eh lqfrqvlvwhqw ehfdxvh � lv lq d A3� qhljkerukrrg ri wkh lghqwlw| pdwul{1

Wkh vwdqgdug phwkrgv iru dqdo|}lqj frlqwhjudwlqj v|vwhpv dvvxph wkdw � ' f1 Pdq|

dv|pswrwlfdoo| h!flhqw hvwlpdwhv iru q kdyh ehhq sursrvhg lq wklv fdvh1 G|qdplf ROV +Vwrfn

dqgZdwvrq 4<<6 dqg rwkhuv, lv rqh vxfk hvwlpdwru1 Ohw 	q eh wkh g|qdplf ROV hvwlpdwh ri q/

l1h1 wkh hvwlpdwhg frh!flhqw rq %| lq dq ROV uhjuhvvlrq ri +| rq _|/ %|c {%| dqg JEA �*�� ohdgv

dqg odjv wkhuhri1 Li � ' f/ 	q lv vxshufrqvlvwhqw iru q dqg wkh dvvrfldwhg w dqg I vwdwlvwlfv

kdyh wkhlu xvxdo qrupdo dqg �2 qxoo olplwlqj glvwulexwlrqv1 Exw li � 9' f/ zkloh 	q lv vwloo

vxshufrqvlvwhqw/ wkh w dqg I vwdwlvwlfv gr qrw kdyh wkhvh xvxdo olplwlqj glvwulexwlrqv +Hoolrww

+4<<;, dqg Vwrfn dqg Zdwvrq +4<<9,,1 Wkhlu olplwlqj glvwulexwlrqv lqvwhdg ghshqg xsrq �/

d qxlvdqfh sdudphwhu zklfk lv qrw frqvlvwhqwo| hvwlpdeoh1 Li wkh xvxdo qrupdo dqg �2 fulwlfdo

ydoxhv duh xvhg/ wkh w dqg I whvwv vx�hu iurp vhulrxv vl}h glvwruwlrqv1 Wkh fruuhvsrqglqj

frq�ghqfh vhwv iru wkh sdudphwhu q kdyh fryhudjh wkdw lv idu ehorz wkh qrplqdo ohyho1
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514 Wkh Sursrvhg Phwkrg

Lq wklv sdshu/ L sursrvh dq dssurdfk wr lqihuhqfh lq wklv prgho zklfk grhv qrw uhtxluh

wkh yduldeohv wr kdyh h{dfw xqlw urrwv1 Wkh lghd lv wr hvwlpdwh q e| wkh mxvw lghqwl�hg

lqvwuxphqwdo yduldeohv hvwlpdwru/ xvlqj d R0yhfwru ri lqvwuxphqwv/ 5|/ iru zklfk L frqvlghu

wzr vshfl�fdwlrqv=

Lqvwuxphqwv L4= 5| ' E |
A
c |2

A 2
c ��� |

R

A R
�
�

/ vr wkdw 5dAoo $ lEo� ' Eoc o2c ���oR��/ dv A $ 41

Lqvwuxphqwv L5= 5| lv d R0yhfwru udqgrp zdon zlwk vwdqgdug qrupdo lqfuhphqwv/ lqghshqghqw

ri doo wkh rwkhu wlph vhulhv lq wkh v|vwhp/ vr wkdw A3�*25dAoo , ~Eo�/ dv A $ 4 zkhuh ~Eo�

lv d vwdqgdug Eurzqldq prwlrq +lqghshqghqw ri EL�Eo�c L2Eo�
���,1

Rwkhu ghwhuplqlvwlf ixqfwlrqv ri wlph frxog eh xvhg dv lqvwuxphqwv +h1j1 eurnhq wuhqgv,/

exw L olplw dwwhqwlrq wr wkhvh wzr vhwv ri lqvwuxphqwv lq wklv sdshu1 Dowkrxjk lqghshqghqw

ri %| e| frqvwuxfwlrq/ wkhvh lqvwuxphqwv zloo eh kljko| fruuhodwhg zlwk %|> wklv lv ri frxuvh

d vsxulrxv fruuhodwlrq1 Wkh lghd ri h{sorlwlqj wklv vsxulrxv fruuhodwlrq wr jhqhudwh ydolg

lqvwuxphqwv zdv �uvw sursrvhg e| Skloolsv dqg Kdqvhq +4<<3, lq d prgho zlwk h{dfw xqlw

urrwv +� ' f,1 Lq wklv sdshu/ L vkrz wkdw wkh I vwdwlvwlf iru k|srwkhvlv whvwv rq wkh hqwluh

frlqwhjudwlqj yhfwru dvvrfldwhg zlwk wklv mxvw lghqwl�hg hvwlpdwru kdv d vwdqgdug qxoo olplwlqj

glvwulexwlrq wkdw lv iuhh ri qxlvdqfh sdudphwhuv hyhq zkhq � 9' f/ dqg vr r�huv d vroxwlrq wr

wkh sureohp qrwhg e| Hoolrww +4<<;,1 Lq wkh qxphulfdo dqg hpslulfdo zrun lq vhfwlrqv 6 dqg

7/ wkh irfxv zloo eh rq lqvwuxphqwv L4/ dv wklv dsshduv wr jlyh ehwwhu uhvxowv1
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Ohw �q ghqrwh wkh LY hvwlpdwru ri q/ lqvwuxphqwlqj %| e| 5|/ l1h1

�q ' dPA
|'�5

>
| %

>�

| o
3�PA

|'�5
>
| +

>
|

zkhuh 5>| / %
>
| dqg +>| duh wkh ghyldwlrqv ri 5|/ %| dqg +| iurp wkhlu uhvshfwlyh vdpsoh phdqv1

Zlwk lqvwuxphqwv L4/

A E�q � q� , d
] �

f
l>Eo�M>

�Eo�_oo
3�

] �

f
l>Eo�_L�Eo� +514,

zkloh zlwk lqvwuxphqwv L5/

A E�q � q� , d
] �

f
~>Eo�M>

�Eo�_oo
3�

] �

f
~>Eo�_L�Eo� +515,

zkhuh l>Eo� ' lEo� � U �
f lEr�_r/ ~>Eo� ' ~Eo� � U �

f ~Er�_r/ M>
�Eo� ' M�Eo� � U �

f M�Er�_r

dqg M�Eo� lv wkh Ruqvwhlq0Xkohqehfn surfhvv gh�qhg e| wkh vwrfkdvwlf gl�huhqwldo htxdwlrq

_M�Eo� ' �M�Eo�_o n _L2Eo�1 Dffruglqjo|/ �q lv d vxshufrqvlvwhqw hvwlpdwru ri q/ exw

ehfdxvh wkh dv|pswrwlf glvwulexwlrqv lq htxdwlrqv 514 dqg 515 gr qrw jhqhudoo| kdyh phdq

}hur/ �q kdv �EA3�� dv|pswrwlf eldv dv dq hvwlpdwru ri wkh frlqwhjudwlqj yhfwru +iru � ' f/

wklv zdv vkrzq e| Skloolsv dqg Kdqvhq +4<<3,,1 Wklv lv dovr wuxh ri wkh g|qdplf ROV

hvwlpdwru 	q dqg vrph qxphulfdo vlpxodwlrqv lqglfdwh wkdw wkh eldvhv ri �q dqg 	q duh ri

vlplodu pdjqlwxghv1 Srlqw hvwlpdwlrq lv dffruglqjo| qrw wkh prwlydwlrq iru wklv LY hvwlpdwru1

L gr qrw nqrz ri dq| hvwlpdwru lq wklv prgho zklfk lv dv|pswrwlfdoo| xqeldvhg wr �EA3��/

xqlirupo| lq �1

:



Wkh I vwdwlvwlf whvwlqj wkh k|srwkhvlv wkdw q ' qf/ dvvrfldwhg zlwk �q lv

8UT Eqf� ' E�q � qf�
�

T E�q � qf�

zkhuh T ' �j32
� dEPA

|'�5
>
| %

>�

| �
3�PA

|'�5
>
| 5

>�

| EPA
|'�%

>
| 5

>�

| �3�o3�c

�j2
� ' P,

�'3, E�� ���
,n�

���E��c

��E�� lv wkh vdpsoh dxwrfryduldqfh ixqfwlrq ri ���| ' +>| � �q
�

%>| / dqg , ' JEA �*2�� Li , ' f/

	j2
� lv vlpso| wkh vdpsoh yduldqfh ri ���|/ exw pruh jhqhudoo| lw lv wkh hvwlpdwru ri wkh vfdohg

}hur0iuhtxhqf| vshfwudo ghqvlw| sursrvhg e| Qhzh| dqg Zhvw +4<;:,/ uhtxluhg ehfdxvh ��| lv

vhuldoo| ghshqghqw1

Wkh qxoo olplwlqj glvwulexwlrq ri 8UT Eqf� lv jlyhq lq Wkhruhp 41 Wkh surriv ri wkh

Wkhruhpv duh froohfwhg lq wkh dsshqgl{1

Wkhruhp 4= Xqghu wkh qxoo k|srwkhvlv q ' qf/ dv A $ 4/ 8UT Eqf� frqyhujhv wr d �2

glvwulexwlrq rq R ghjuhhv ri iuhhgrp +zlwk hlwkhu lqvwuxphqwv L4 ru lqvwuxphqwv L5,1

Xqghu wkh �{hg dowhuqdwlyh q ' q� 9' qf/ 8UT glyhujhv wr lq�qlw| dqg vr wkh whvw uhmhfwv zlwk

suredelolw| rqh/ dv|pswrwlfdoo|1

Lw lv lpsruwdqw wr qrwh wkdw Wkhruhp 4 zrxog qrw dsso| li wkhuh zhuh pruh wkdq R

sro|qrpldo wuhqgv ru duwl�fldoo| jhqhudwhg udqgrp zdonv ehlqj xvhg dv lqvwuxphqwv1 Lqvwhdg/

wkh I vwdwlvwlf zrxog kdyh d qrqvwdqgdug qxoo olplwlqj glvwulexwlrq zklfk zrxog ghshqg rq

qxlvdqfh sdudphwhuv zklfk duh qrw frqvlvwhqwo| hvwlpdeoh1 Wklv lv wkh uhdvrq zk| L irfxv

;



h{foxvlyho| rq wkh mxvw lghqwl�hg fdvh lq wklv sdshu1 Dovr/ hyhq lq wkh mxvw lghqwl�hg fdvh/

wkh qxoo dv|pswrwlf glvwulexwlrq ri dq I ru w vwdwlvwlf whvwlqj d k|srwkhvlv derxw rqh ru

pruh hohphqwv ri q/ exw qrw wkh zkroh yhfwru/ lv qrqvwdqgdug +dqg/ djdlq/ ghshqghqw rq

qxlvdqfh sdudphwhuv zklfk duh qrw frqvlvwhqwo| hvwlpdeoh,1 Rqo| wkh I vwdwlvwlf whvwlqj wkh

k|srwkhvlv wkdw wkh hqwluh sdudphwhu yhfwru q wdnhv rq d vshfl�hg ydoxh kdv d �2 qxoo olplwlqj

glvwulexwlrq/ xqlirupo| lq �1

515 Frq�ghqfh Vhwv iru q

D uhvhdufkhu fdq irup d frq�ghqfh vhw iru q zlwk qrplqdo fryhudjh 40k dv �Ek� ' iqf G

8UT Eqf� � �2
RE� � k�jc zkhuh �2

RE� � k� lv wkh xsshu 40k shufhqwloh ri wkh �2 glvwulexwlrq

rq R ghjuhhv ri iuhhgrp1 E| frqvwuxfwlrq/ wklv frq�ghqfh vhw lv qrqhpsw| dqg frqyh{41

Lw pd| eh ghvluhg wr frqvwuxfw d frq�ghqfh vhw iru rqh ru pruh hohphqwv ri q/ exw qrw

iru wkh zkroh yhfwru1 Li q lv sduwlwlrqhg dv q ' Eq
�

�c q
�

��
�/ wkhq d frq�ghqfh vhw iru q� lv

dovr dydlodeoh wkdw kdv fryhudjh ri dw ohdvw 40k/ dv|pswrwlfdoo|1 Wklv lv vlpso| jlyhq e|

~q� G Eq
�

�c q
�

��
� 5 �Ek� iru vrph q�j1 Xqolnh wkh frq�ghqfh vhw iru wkh zkroh yhfwru q/ wklv

frq�ghqfh vhw lv dv|pswrwlfdoo| frqvhuydwlyh1 Lw lv hdv| wr irup d frq�ghqfh lqwhuydo iru d

vfdodu q� lq wklv zd|/ zlwkrxw h{solflwo| frqvwuxfwlqj wkh frq�ghqfh vhw �Ek�1 Sduwlwlrq T

4Lw lv d pdlqwdlqhg dvvxpswlrq wkurxjkrxw wklv sdshu wkdw x4w lv vwdwlrqdu|1 Li wklv zhuh qrw vr/ wkhq
wkhuh zrxog eh d vsxulrxv fruuhodwlrq ehwzhhq }w dqg x4w/ ylrodwlqj wkh lqvwuxphqw ruwkrjrqdolw| uhtxluhphqw1
Wkh uhodwlrqvkls ehwzhhq |w dqg {w zrxog d vsxulrxv uhjuhvvlrq dqg wkh frq�ghqfh vhw iru � dvvrfldwhg zlwk
wkh LY hvwlpdwru zrxog eh qrqhpsw|/ exw zrxog h{foxgh wkh wuxh sdudphwhu ydoxh z1s14/ dv|pswrwlfdoo|1
Dq lpsruwdqw dgydqwdjh ri wkh dssurdfk wr urexvw lqihuhqfh lq frlqwhjudwlqj v|vwhpv sursrvhg e| Zuljkw
+4<<<,/ uhodwlyh wr wkdw lq wkh suhvhqw sdshu/ lv wkdw lw grhv qrw pdlqwdlq wkh vwdwlrqdulw| ri x4w/ exw udwkhu
lqyroyhv mrlqwo| whvwlqj wkh k|srwkhvlv ri frlqwhjudwlrq dqg wkh k|srwkhvlv wkdw � @ �

3
1

<



dqg �q frqirupdeo| zlwk q dv

3
EEEC

T�� T��

T
�

�� T��

4
FFFD dqg E�q�c �q

�

��
�/ uhvshfwlyho|1 Vlqfh �Ek� fdq

eh zulwwhq lq wkh txdgudwlf irup

�Ek� ' iEq�c q
�

��
� G E�q� � q��

2T�� n 2E�q� � q��T��E�q� � q��

nE�q� � q��
�T��E�q� � q�� � �2

RE�� k�jc

wkh dv|pswrwlfdoo| frqvhuydwlyh frq�ghqfh lqwhuydo iru wkh vfdodu q� lv vlpso|

E�q� n �?uq�
32T��E�q�3q��3

s
d2T��E�q�3q��o

23eT��dE�q�3q��
�T��E�q�3q��3�

2
RE�3k�o

2T��
c

�q� n t�Tq�
32T��E�q�3q��n

s
d2T��E�q�3q��o

23eT��dE�q�3q��
�T��E�q�3q��3�

2
RE�3k�o

2T��
�c

zklfk fdq eh fdofxodwhg e| vwudljkwiruzdug qxphulfdo rswlpl}dwlrq ryhu wkh R04 qxlvdqfh

sdudphwhuv lq q�1 Rwkhu whfkqltxhv duh dydlodeoh iru whvwlqj d k|srwkhvlv frqfhuqlqj wkh

hqwluh yhfwru q/ dv glvfxvvhg lq Zuljkw +4<<<, dqg/ pruh eulh |/ ehorz1 Lq sulqflsoh/ d

frq�ghqfh vhw iru q pd| eh iruphg e| lqyhuwlqj wkh dffhswdqfh uhjlrq ri dq| rqh ri wkhvh

whvwv1 Wkhvh frq�ghqfh vhwv pd| eh hpsw| ru qrqfrqyh{ +xqolnh wkh frq�ghqfh vhw iru q

sursrvhg lq wklv sdshu,1 Dq dv|pswrwlfdoo| frqvhuydwlyh frq�ghqfh vhw iru dq| vlqjoh hohphqw

ri q pd| eh ghgxfhg e| surmhfwlqj rxw wkh rwkhu sdudphwhuv1 Exw +hvshfldoo| iru odujh R,/

wklv lv lq sudfwlfh d kljko| fxpehuvrph dssurdfk lqyroylqj fdofxodwlqj wkh xqghuo|lqj whvw

vwdwlvwlf dw hdfk srlqw lq d R0glphqvlrqdo julg1 Ehfdxvh wkh phwkrg sursrvhg lq wklv sdshu

lqyroyhv frqvwuxfwlqj wkh frq�ghqfh vhw iru wkh hqwluh yhfwru q dv wkh vwdqgdug frq�ghqfh

hoolsvh dvvrfldwhg zlwk wkh LY hvwlpdwru/ wkh fdofxodwlrq ri dq dv|pswrwlfdoo| frqvhuydwlyh
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frq�ghqfh vhw iru d vlqjoh hohphqw ri q lv juhdwo| vlpsol�hg1 Wklv lv d vljql�fdqw sudfwlfdo

dgydqwdjh ri wkh surfhgxuh sursrvhg lq wklv sdshu uhodwlyh wr rwkhu dydlodeoh dssurdfkhv wr

lqihuhqfh lq frlqwhjudwlqj v|vwhpv zklfk duh urexvw wr ylrodwlrqv ri wkh dvvxpswlrq ri h{dfw

xqlw urrwv1

516 H{whqvlrqv wr prghov zlwk wuhqgv

Wkh rqo| ghwhuplqlvwlf whupv lq wkh prgho dv vshfl�hg lq wklv vhfwlrq duh wkh frqvwdqwv >%

dqg >+1 Wklv lv zlwkrxw orvv ri jhqhudolw|1 Li >+ zhuh uhsodfhg e| d olqhdu wlph wuhqg +d

vshfl�fdwlrq vrphwlphv uhihuuhg wr dv vwrfkdvwlf frlqwhjudwlrq,/ wkhq wkh olqhdu wlph wuhqg lq

lqvwuxphqwv L4 zrxog kdyh wr eh uhsodfhg e| dqrwkhu ghwhuplqlvwlf ixqfwlrq ri wlph/ vxfk dv

|Rn�

A Rn�
1 Dgglwlrqdoo|/ wkh ghphdqhg vwrfkdvwlf surfhvvhv lq htxdwlrqv 514 dqg 515 zrxog dovr

kdyh wr eh ghwuhqghg1 Exw wkh uhvxow lq Wkhruhp 4 zrxog eh xqd�hfwhg1

61 DOWHUQDWLYH PHWKRGV DQG ORFDO DV\PSWRWLF

SRZHU

Lq wklv vhfwlrq/ L frqvlghu wkh orfdo dv|pswrwlf srzhu ri wkh sursrvhg whvw/ zklfk L uhihu

wr khqfhiruwk dv LY/ dqg d qxpehu ri dowhuqdwlyhv1 Lq wklv vhfwlrq/ L frqvlghu wkh prgho

zlwk R@4/ vr wkdw %| lv d vfdodu wlph vhulhv zlwk dq dxwruhjuhvvlyh urrw @ ' � n S
A
1 Wkh

dxwruhjuhvvlyh urrw @ dqg orfdo wr xqlw| sdudphwhu S duh zulwwhq lq orzhu fdvh wr hpskdvl}h

wkh idfw wkdw wkh| duh vfdoduv1 Vr wkh prgho vshfl�hv wkdw

44



+| ' >+ n q%| n ��|
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EEEC

j2
� j�2

j�2 j2
2

4
FFFD ' (E��.E0|0

�

|�(E��� ghqrwh 5Z wlphv wkh vshfwudo ghqvlw| ri �| '

E��|c �2|�
�1 Ohw L�Eo� ' j�T�Eo� dqg L2Eo� ' j2T2Eo�/ zkhuh T�Eo� dqg T2Eo� duh vwdqgdug

Eurzqldq prwlrqv zlwk fruuhodwlrq b ' j�2
j�j2

+d phdvxuh ri wkh orqj0uxq hqgrjhqhlw| ri

wkh frlqwhjudwlqj uhjuhvvlrq,1 Dovr ohw aSEo� ghqrwh wkh vfdodu Ruqvwhlq0Xkohqehfn surfhvv

gh�qhg e| wkh vwrfkdvwlf gl�huhqwldo htxdwlrq _aSEo� ' SaSEo�_o n _T2Eo� dqg qrwh wkdw

A3�*2%dAoo , j2aSEo�1 Wkhruhp 5 jlyhv wkh dv|pswrwlf glvwulexwlrq ri wkh whvw vwdwlvwlf

8UT Eqf� xqghu wkh vhtxhqfh ri orfdo dowhuqdwlyhv q ' qf n K*A�

Wkhruhp 5= Xvlqj lqvwuxphqwv L4/ xqghu wkh vhtxhqfh ri orfdo dowhuqdwlyhv q ' qf n K*Ac dv

A $ 4c

8UT Eqf� , d Kj2
j�

U �
f l>Eo�a>

S Eo�_o n
U �
f l>Eo�_T�Eo�o

2*
U �
f l>Eo�2_o

zkhuh a>
S Eo� ' aSEo��U �

f aSEr�_r1 Wkh vdph uhvxow krogv zlwk lqvwuxphqwv L5/ uhsodflqj l
>Eo�

e| ~>Eo�1

Zuljkw +4<<<, olvwv d qxpehu ri dowhuqdwlyh surfhgxuhv iru whvwlqj d k|srwkhvlv frq0

fhuqlqj q dqg surylghv h{suhvvlrqv iru wkhlu orfdo dv|pswrwlf srzhu1 Doo ri wkhvh whvwv kdyh

qrqwulyldo orfdo dv|pswrwlf srzhu djdlqvw dowhuqdwlyhv lq d �*A qhljkerukrrg ri wkh k|srwk0

hvl}hg ydoxh ri q/ vr qr whvw kdv dq dv|pswrwlf h!flhqf| ri }hur uhodwlyh wr dq| rwkhu whvw1
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Rqh ri wkhvh whvwv lv g|qdplf ROV/ zklfk lqyroyhv d w whvw ri wkh frh!flhqw rq %| lq d

uhjuhvvlrq ri +| rq d frqvwdqw/ %| dqg {%| dqg JEA �*�� ohdgv dqg odjv wkhuhri= L khqfhiruwk

uhihu wr wklv dv wkh GROV whvw1 Wklv grhv qrw frqwuro dv|pswrwlf vl}h/ dv zdv �uvw vkrzq

e| Hoolrww +4<<;,1 Dqrwkhu surfhgxuh/ sursrvhg lq Zuljkw +4<<<,/ whvwv wkh k|srwkhvlv wkdw

q ' qf e| whvwlqj wkh lpsolfdwlrq wkdw +|� qf%| lv vwdwlrqdu|/ xvlqj wkh whvw ri Nzldwnrzvnl

hw do1 +4<<5,1 Wklv whvw/ olnh LY/ kdv dv|pswrwlf vl}h htxdo wr wkh qrplqdo ohyho/ xqlirupo|

lq S1 L khqfhiruwk uhihu wr wklv dv wkh NSVV whvw1

Wzr rwkhu pruh frpsolfdwhg surfhgxuhv/ ghvfulehg lq Zuljkw +4<<<,/ duh erwk dv|ps0

wrwlfdoo| frqvhuydwlyh dqg kdyh vlplodu vl}h dqg srzhu surshuwlhv1 Rqh lv wkh vl}h0dgmxvwhg

sdudphwulf errwvwuds ri Vwrfn dqg Zdwvrq +4<<9,1 Wkh rwkhu lqyroyhv �uvw frqvwuxfwlqj

7S/ d frq�ghqfh lqwhuydo iru S/ e| wkh phwkrg sursrvhg lq Vwrfn +4<<4,1 Lpsrvlqj dq| ydoxh

ri S lq 7S/ d k|srwkhvlv frqfhuqlqj q fdq wkhq eh whvwhg= li dq| ri wkhvh whvwv ohdgv wr d

uhmhfwlrq/ wkhq wkh qxoo k|srwkhvlv lv uhmhfwhg1 Dq xsshu erxqg iru wkh dv|pswrwlf vl}h ri

wklv surfhgxuh fdq eh rewdlqhg e| dsshdo wr wkh Erqihuurql lqhtxdolw|1 Wklv surfhgxuh zdv

sursrvhg e| Fdydqdjk/ Hoolrww dqg Vwrfn +4<<8, lq d forvho| uhodwhg frqwh{w1 L khqfhiruwk

uhihu wr wklv dv wkh ERQI whvw1 Jhqhudol}dwlrqv ri wkhvh wzr surfhgxuhv wr wkh fdvh ri 5

frlqwhjudwlqj uhjuhvvruv duh fxpehuvrph/ zkloh wkh| duh xwwhuo| lpsudfwlfdo zlwk pruh wkdq

5 frlqwhjudwlqj uhjuhvvruv +vhh Vwrfn dqg Zdwvrq +4<<9,,1

D frq�ghqfh vhw iru q fdq eh frqvwuxfwhg xvlqj wkh vl}h0dgmxvwhg sdudphwulf errwvwuds/

ERQI/ ru NSVV whvwv/ e| fdofxodwlqj wkh whvw vwdwlvwlf dw hdfk srlqw lq d julg ri k|srwkhvl}hg
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ydoxhv dqg lqyhuwlqj wkh dffhswdqfh uhjlrq ri wkh whvw1 Wklv �uvw sulqflsohv frqvwuxfwlrq ri

d frq�ghqfh vhw lv flufxpyhqwhg e| xvlqj wkh lqvwuxphqwdo yduldeohv dssurdfk sursrvhg lq

wklv sdshu1

Wkh orfdo dv|pswrwlf srzhu ixqfwlrqv ri wkh LY/ GROV/ NSVV dqg ERQI surfhgxuhv5

duh sorwwhg lq Iljxuh 4 iru j2
� ' j2

2 ' �/ dqg ydulrxv ydoxhv ri S dqg b1 Wkh LY surfhgxuh

xvhv wkh lqvwuxphqwv L4 +uhvxowv xvlqj wkh lqvwuxphqwv L5 duh qrw vkrzq/ exw jlyh vrphzkdw

orzhu srzhu dqg duh dydlodeoh iurp wkh dxwkru rq uhtxhvw,1 Wkh qrplqdo vl}h ri wkh whvw lv

8( lq doo fdvhv61 Iru qrq}hur bc wkh GROV whvw kdv dv|pswrwlf vl}h zhoo deryh 8(/ li S 9' f1

Wkhvh pdvvlyh vl}h glvwruwlrqv phdq wkdw wkh GROV whvw fdqqrw eh xvhg iru uholdeoh lqihuhqfh

lq wkh suhvhqfh ri odujh urrwv wkdw duh qrw qhfhvvdulo| h{dfw xqlw urrwv1 Wkh rwkhu whvwv kdyh

dv|pswrwlf vl}h dw ru ehorz wkh qrplqdo ohyho1 Qrqh ri wkhvh whvwv lv grplqdqw lq whupv ri

orfdo dv|pswrwlf srzhu/ wkrxjk wkh ERQI whvw jhqhudoo| kdv kljkhu srzhu wkdq wkh NSVV

whvw/ zklfk lq wxuq jhqhudoo| kdv kljkhu srzhu wkdq LY1 Wkh orfdo dv|pswrwlf srzhu ri doo

ri wkhvh surfhgxuhv idoov dv S ehfrphv pruh qhjdwlyh1

5Wkh orfdo dv|pswrwlf srzhu ixqfwlrqv iru wkh vl}h0dgmxvwhg sdudphwulf errwvwuds surfhgxuh ri Vwrfn dqg
Zdwvrq +4<<9, duh qrw vkrzq/ exw duh dydlodeoh lq Zuljkw +4<<<,1

6 Frqwlqxrxv vwrfkdvwlf surfhvvhv zhuh uhsodfhg e| glvfuhwh dssur{lpdwlrqv ri ohqjwk 833 dqg 8/333
uhsolfdwlrqv zhuh frqgxfwhg lq hdfk vlpxodwlrq1
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71 ILQLWH VDPSOH UHVXOWV

Zkloh wkh orfdo dv|pswrwlf srzhu ri whvwv lv ri lqwhuhvw/ wkh �qlwh vdpsoh surshuwlhv ri wkh

dowhuqdwlyh phwkrgv ri lqihuhqfh/ dqg hvshfldoo| wkh �qlwh vdpsoh fryhudjh dqg zlgwk ri

frq�ghqfh lqwhuydov duh xowlpdwho| ri prvw lqwhuhvw wr dssolhg uhvhdufkhuv1 Dffruglqjo|/ L

dovr vlpxodwhg wkh h�hfwlyh fryhudjh dqg phgldq zlgwk ri wkh dowhuqdwlyh frq�ghqfh lqwhuydov

iru q lq wkh prgho

+| ' >+ n q%| n ��|

%| ' >% n �|c �| ' @�|3� n �2|

��| ' ���|3� n w0�|3� n 0�|c �2| ' 02|

zkhuh %| lv d vfdodu/ >+ ' >% ' f/ E0�|c 02|�
� lv dq l1l1g1 qrupdo udqgrp yhfwru zlwk phdq

}hur dqg fryduldqfh pdwul{

3
EEEC

E�3�
�nw

�2 bE�3��
�nw

bE�3��
�nw

�

4
FFFD/ vr wkdw P '

3
EEEC

� b

b �

4
FFFD dqg w@4/5/111W1 Wkh

wuxh ydoxh ri q lv }hur1 Wkh huuruv lq wkh frlqwhjudwlqj uhodwlrqvkls duh doorzhg wr kdyh

vhuldo fruuhodwlrq sdudphwhul}hg e| � dqg w vxfk wkdw m�m 	 � dqg mwm 	 �1 Li @ ' �/ wkhq

wklv lv d vwdqgdug prgho ri frlqwhjudwlrq/ lq zklfk wkh yduldeohv kdyh xqlw urrwv/ exw @ pd|

eh voljkwo| ohvv wkdq 41 Iru � forvh wr 4/ wkhuh lv vorz phdq0uhyhuvlrq wr wkh frlqwhjudwlqj

htxloleulxp1

Wkh h�hfwlyh fryhudjh dqg phgldq zlgwk ri wkh frq�ghqfh lqwhuydov edvhg rq wkh LY/

GROV/ NSVV dqg ERQI whvwv duh sorwwhg djdlqvw b lq Iljxuhv 5 dqg 6/ uhvshfwlyho|/ iru

d qxpehu ri ydoxhv ri �/ @ dqg w dqg d vdpsoh vl}h A@4331 Wkh LY surfhgxuh xvhv wkh
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lqvwuxphqwv L41 Uhvxowv xvlqj wkh lqvwuxphqwv L5 lqvwhdg +dqg iru vrph rwkhu sdudphwhu

frq�jxudwlrqv, duh qrw vkrzq/ exw duh dydlodeoh iurp wkh dxwkru rq uhtxhvw71 Doo frq�ghqfh

lqwhuydov kdyh <8( qrplqdo fryhudjh1 Iru GROV dqg LY/ wkh frq�ghqfh lqwhuydov duh vlpso|

jlyhq e| wkh srlqw hvwlpdwh .20 41<9 vwdqgdug huuruv1 Iru NSVV dqg ERQI/ wkh frq�ghqfh

lqwhuydov lqyroyh h{solflwo| lqyhuwlqj wkh dffhswdqfh uhjlrq ri wkh whvw/ ryhu d julg ri k|srwk0

hvl}hg ydoxhv1 Wkh vl}h ri wkh xqghuo|lqj whvwv fdq ri frxuvh eh uhdg r� iurp wkhvh slfwxuhv=

wkh vl}h ri wkh whvw lv rqh plqxv wkh fryhudjh ri wkh frq�ghqfh lqwhuydo81

Wkh GROV phwkrg kdv fryhudjh idu ehorz wkh qrplqdo ohyho iru @ 9' � dqg b 9' f1

Doo wkh rwkhu whvwv frqwuro fryhudjh zhoo/ h{fhsw zkhq � lv forvh wr 41 Wkh LY dqg ERQI

phwkrgv |lhog frq�ghqfh lqwhuydov zlwk vlplodu fryhudjh> erwk jlyh jhqhudoo| kljkhu fryhudjh

wkdq NSVV1 Wkh GROV phwkrg jlyhv wkh frq�ghqfh lqwhuydov zlwk wkh vkruwhvw phgldq

zlgwk/ exw wklv lv ri olwwoh xvh lq wkh oljkw ri wkh dvvrfldwhg orz fryhudjh1 Iru @ ' �/ wkh

NSVV dqg LY phwkrgv kdyh yhu| vlplodu phgldq zlgwk/ erwk duh voljkwo| vkruwhu wkdq wkh

ERQI frq�ghqfh lqwhuydov1 Dv @ idoov/ wkhvh wkuhh frq�ghqfh lqwhuydov doo jhw zlghu/ exw

wklv lv whqghqf| lv prvw surqrxqfhg iru wkh NSVV phwkrg dqg lv ohdvw surqrxqfhg iru wkh

ERQI phwkrg1 Ryhudoo/ wkhuh lv olwwoh gl�huhqfh ehwzhhq ERQI dqg LY lq whupv ri phgldq

zlgwk1 Wklv lv dovr wuxh iru NSVV li @ lv forvh wr 4> rwkhuzlvh NSVV jlyhv vrphzkdw zlghu

frq�ghqfh lqwhuydov1

7Li wkh lqvwuxphqwv L5 duh xvhg lqvwhdg/ wkh LY frq�ghqfh lqwhuydov kdyh voljkwo| kljkhu h�hfwlyh fryhudjh
dqg voljkwo| kljkhu phgldq zlgwk1

8 Lq wkhvh vlpxodwlrqv/ wkh qxpehu ri ohdgv dqg odjv lq wkh GROV whvw/ zdv vhw wr 6 zkloh doo Eduwohww
nhuqho hvwlpdwhv xvhg 5 dxwrfryduldqfhv1 4/333 uhsolfdwlrqv zhuh frqgxfwhg lq hdfk vlpxodwlrq1
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Lq vxppdu|/ wkh LY phwkrg fdq jlyh lqihuhqfh wkdw lv pruh dffxudwh wkdq NSVV ru

ERQI/ zkloh/ lq wkhvh vlpxodwlrqv/ lw qhyhu jlyhv pxfk ohvv dffxudwh lqihuhqfh1 Phdqzkloh

LY lv wkh vlpsohvw ri wkhvh wkuhh phwkrgv/ erwk frqfhswxdoo| dqg lq whupv ri lwv sudfwlfdo

lpsohphqwdwlrq1 Lqghhg/ LY dqg NSVV duh wkh rqo| frpsxwdwlrqdoo| ihdvleoh urexvw ds0

surdfkhv wr lqihuhqfh lq wkh jhqhudo prgho ri vhfwlrq 5 zkhq wkhuh duh pdq| uhjuhvvruv lq

wkh frlqwhjudwlqj v|vwhp1

81 PRQH\ GHPDQG= DQ HPSLULFDO DSSOLFDWLRQ

D fdqrqlfdo dssolfdwlrq ri frlqwhjudwlrq dqdo|vlv lv wr wkh hvwlpdwlrq ri orqj0uxq prqh|

ghpdqg1 Li wkhuh lv d xqlw urrw lq uhdo rxwsxw +lq orjv, dqg lq wkh lqwhuhvw udwh dqg li

wkhuh lv d vwdeoh ghpdqg iru uhdo prqh| edodqfhv +lq orjv,/ wkhq wkh orj uhdo prqh| vwrfn/

orj uhdo rxwsxw dqg wkh lqwhuhvw udwh vkrxog eh frlqwhjudwhg1 Wkh frlqwhjudwlqj frh!flhqwv

uhsuhvhqw wkh rxwsxw hodvwlflw| dqg lqwhuhvw vhplhodvwlflw| ri orqj0uxq prqh| ghpdqg1 Wklv

frlqwhjudwlqj v|vwhp kdv ehhq hvwlpdwhg e| Kr�pdq dqg Udvfkh +4<<4,/ Vwrfn dqg Zdwvrq

+4<<6, dqg pdq| rwkhu dxwkruv1

Exw wkhuh lv qr frqvhqvxv wkdw lqfrph grhv kdyh dq h{dfw xqlw urrw dqg d xqlw urrw

vshfl�fdwlrq uhsuhvhqwv dq xquhdvrqdeoh srsxodwlrq prgho iru wkh lqwhuhvw udwh1 Lqfrph

dqg lqwhuhvw udwhv duh fohduo| yhu| shuvlvwhqw/ exw lw vhhpv xqghvludeoh wr dvvxph wkdw wkh|

kdyh h{dfw xqlw urrwv dqg wr xvh phwkrgv ri lqihuhqfh zklfk duh h{wuhpho| qrq0urexvw wr d

ylrodwlrq ri wklv dvvxpswlrq1 Dffruglqjo|/ L dssolhg wkh phwkrgrorj| sursrvhg lq wklv sdshu
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wr irup frq�ghqfh vhwv iru q+/ wkh rxwsxw hodvwlflw| dqg qo/ wkh lqwhuhvw vhplhodvwlflw| lq

d uhjuhvvlrq ri wkh orj uhdo prqh| vwrfn rq orj uhdo rxwsxw dqg wkh lqwhuhvw udwh1 L xvhg

d wlph vhulhv ri dqqxdo gdwd rq wkh prqh| vwrfn/ rxwsxw/ sulfhv dqg lqwhuhvw udwhv9 iru wkh

|hduv 4<3304<<; dqg dovr hvwlpdwhg wkhvh sdudphwhuv e| g|qdplf ROV +lpsrvlqj h{dfw xqlw

urrwv lq wkh uhjuhvvruv,1 Iljxuh 7 vkrzv wkh frq�ghqfh hoolsvh iru Eq+c qo�
� xvlqj wkh phwkrg

sursrvhg lq wklv sdshu/ xvlqj lqvwuxphqwv L4:1 Wkh GROV frq�ghqfh hoolsvh iru wklv yhfwru

lv dovr vkrzq1

Vwrfn dqg Zdwvrq +4<<9, dqg Zuljkw +4<<<, xvhg wkh lqyhuvh ri wkh dffhswdqfh uhjlrq

ri wkh vl}h0dgmxvwhg errwvwuds dqg NSVV whvwv wr irup frq�ghqfh vhwv iru Eq+c qo�
� zlwk

dqqxdo prqh| ghpdqg gdwd1 Erwk wkrvh sdshuv rewdlqhg frq�ghqfh vhwv zklfk zhuh odujhu

wkdq wkh GROV frq�ghqfh hoolsvhv/ exw qrw vr odujh dv wr eh xqlqirupdwlyh1 Wklv lv vlplodu

wr wkh uhvxowv zklfk L �qg/ iruplqj wkh frq�ghqfh vhwv dv sursrvhg lq wklv sdshu1 Wkh LY

frq�ghqfh hoolsvh lv d olwwoh odujhu wkdq wkh GROV frq�ghqfh hoolsvh/ zklfk grhv qrw frqwuro

fryhudjh lq wkh suhvhqfh ri odujh exw qrq0xqlw urrwv/ exw lv fhuwdlqo| qrw vr odujh dv wr eh

xqlqirupdwlyh1 Rqo| qhjdwlyh ydoxhv ri wkh lqwhuhvw vhplhodvwlflw| duh lqfoxghg zlwklq wkh

9Wkh prqh| vwrfn iurp 4<8<04<<; lv P4/ iurp GDWDVWUHDP +pqhprqlf XVP4,1 Prqh| vwrfn gdwd
iurp 4<3304<47 dqg 4<4804<8; duh iurp Klvwrulfdo Vwdwlvwlfv +vhulhv [59:, dqg Iulhgpdq dqg Vfkzduw} +4<:3/
Wdeoh 4,/ uhvshfwlyho|1 Uhdo rxwsxw lv phdvxuhg dv wkh Uhdo Qhw Qdwlrqdo Surgxfw/ iurp QLSD iru 4<5<04<<;/
vsolfhg zlwk hduolhu gdwd rewdlqhg iurp Iulhgpdq dqg Vfkzduw} +4<;5/ Wdeoh 71;,1 Wkh sulfh vhulhv lv wkh qhw
qdwlrqdo surgxfw gh dwru/ rewdlqhg iurp wkh vdph vrxufhv dv uhdo rxwsxw1 Wkh lqwhuhvw udwh lv wkh 9 prqwk
frpphufldo sdshu udwh1 Iurp 4<9;04<<;/ wklv zdv rewdlqhg iurp GDWDVWUHDP +pqhprqlf XVFUE\OG,>
gdwd iurp 4<3304<9: duh iurp Iulhgpdq dqg Vfkzduw} +4<;5/ Wdeoh 71;,1

:Li wkh duwl�fldo udqgrp zdon lqvwuxphqwv +lqvwuxphqwv L5, duh xvhg lqvwhdg/ wkh frq�ghqfh hoolsvh ghshqgv
rq wkh vhhg iru wkh udqgrp qxpehu jhqhudwru/ exw lv w|slfdoo| odujhu wkdq wkh frq�ghqfh hoolsvh xvlqj
lqvwuxphqwv L41 Wkh ghshqghqfh ri wkh frq�ghqfh hoolsvh rq wkh vhhg lv/ ri frxuvh/ d sudfwlfdo glvdgydqwdjh
ri lqvwuxphqwv L51
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frq�ghqfh vhwv1 Rqo| ydoxhv ri wkh lqfrph hodvwlflw| wkdw duh ryhu 31; duh lqfoxghg lq wkh

frq�ghqfh vhwv/ zkhuhdv vrph dxwkruv +vxfk dv Eded/ Khqgu| dqg Vwduu +4<<5,, kdyh dujxhg

wkdw wkh lqfrph hodvwlflw| ri prqh| ghpdqg lv durxqg 3181

91 FRQFOXVLRQ

Vwdqgdug phwkrgv iru lqihuhqfh lq frlqwhjudwlqj v|vwhpv uhtxluh doo wkh yduldeohv wr kdyh

h{dfw xqlw urrwv dqg kdyh ehhq vkrzq e| Hoolrww +4<<;, wr eh qrw dw doo urexvw hyhq wr voljkw

ylrodwlrqv ri wklv frqglwlrq1 Lq wklv sdshu/ L kdyh sursrvhg whvwlqj d k|srwkhvlv frqfhuqlqj

wkh hqwluh frlqwhjudwlqj yhfwru e| xvlqj wkh I vwdwlvwlf dvvrfldwhg zlwk wkh mxvw lghqwl�hg

lqvwuxphqwdo yduldeohv hvwlpdwru/ xvlqj ghwhuplqlvwlf sro|qrpldo wuhqgv ru duwl�fldoo| jhqhu0

dwhg udqgrp zdonv dv lqvwuxphqwv1 L kdyh vkrzq wkdw wklv phwkrg lv urexvw wr wkh uhjuhvvruv

kdylqj urrwv wkdw duh qrw qhfhvvdulo| h{dfwo| htxdo wr rqh/ zklfk duh prghohg dv ehlqj orfdo

wr xqlw|1 L kdyh dovr frpsduhg wkh sursrvhg phwkrg ri lqihuhqfh zlwk rwkhu dowhuqdwlyhv

zklfk duh urexvw wr wkh uhjuhvvruv qrw kdylqj h{dfw xqlw urrwv dqg irxqg wkdw qrqh ri wkh

phwkrgv lv grplqdqw/ exw wkdw wkh sursrvhg phwkrg kdv jrrg fryhudjh dqg zlgwk surshuwlhv1

Wkh dssurdfk sursrvhg lq wklv sdshu lv krzhyhu wkh vlpsohvw ri wkhvh phwkrgv> wklv dqg wkh

surfhgxuh lq Zuljkw +4<<<, duh lqghhg wkh rqo| frpsxwdwlrqdoo| ihdvleoh urexvw dssurdfkhv

wr lqihuhqfh lq wklv prgho zkhq wkhuh duh pdq| uhjuhvvruv lq wkh frlqwhjudwlqj v|vwhp1
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DSSHQGL[= SURRI RI WKH WKHRUHPV

L jlyh wkh surriv ri wkh Wkhruhpv iru lqvwuxphqwv L4 rqo|/ zlwkrxw orvv ri jhqhudolw|1

Surri ri Wkhruhp 4= Li q ' qf/
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UHIHUHQFHV

Eded/ \1/ Khqgu|/ G1I1 dqg Vwduu/ U1P1 +4<<5,= Wkh Ghpdqg iru P4 lq wkh X1V1D1/ 4<930

4<;;/ Uhylhz ri Hfrqrplf Vwxglhv/ 8</ ss1580941

Erenrvnl/ P1M1 +4<;6,= K|srwkhvlv Whvwlqj lq Qrqvwdwlrqdu| Wlph Vhulhv/ xqsxeolvkhg Sk1G1

Glvvhuwdwlrq/ Ghsduwphqw ri Vwdwlvwlfv/ Xqlyhuvlw| ri Zlvfrqvlq1

Fdydqdjk/ F1O1/ Hoolrww/ J1 dqg Vwrfn/ M1K1 +4<<8,= Lqihuhqfh lq Prghov zlwk Qhduo| Lqwh0

judwhg Uhjuhvvruv/ Hfrqrphwulf Wkhru|/ 44/ ss144640447:1

Gxirxu/ M1P1 +4<<:,= Vrph Lpsrvvlelolw| Wkhruhpv lq Hfrqrphwulfv zlwk Dssolfdwlrqv wr

Vwuxfwxudo dqg G|qdplf Prghov/ Hfrqrphwulfd/ 98/ ss14698046;:1

Hoolrww/ J1 +4<<;,= Rq wkh Urexvwqhvv ri Frlqwhjudwlrq Phwkrgv zkhq Uhjuhvvruv Doprvw

Kdyh Xqlw Urrwv/ Hfrqrphwulfd/ 99/ ss147<048;1

Iulhgpdq/ P1 dqg Vfkzduw}/ D1M1 +4<:3,= Prqhwdu| Vwdwlvwlfv ri wkh Xqlwhg Vwdwhv/ Froxpeld

Xqlyhuvlw| Suhvv/ Qhz \run1

��� +4<;5,= Prqhwdu| Wuhqgv lq wkh Xqlwhg Vwdwhv dqg wkh Xqlwhg Nlqjgrp/ Xqlyhuvlw|

ri Fklfdjr Suhvv/ Fklfdjr1

Kr�pdq/ G1 dqg Udvfkh/ U1K1 +4<<4,= Orqj0Uxq Lqfrph dqg Lqwhuhvw Hodvwlflwlhv ri Prqh|

Ghpdqg lq wkh Xqlwhg Vwdwhv/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ :6/ ss199809:71

Mrkdqvhq/ V1 +4<;;,= Vwdwlvwlfdo Dqdo|vlv ri Frlqwhjudwlqj Yhfwruv/ Mrxuqdo ri Hfrqrplf

G|qdplfv dqg Frqwuro/ 45/ ss156405871

Nzldwnrzvnl/ G1/ Skloolsv/ S1F1E1/ Vfkplgw/ S1 dqg Vklq/ \1 +4<<5,= Whvwlqj wkh Qxoo K|srwk0
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hvlv ri Vwdwlrqdulw| Djdlqvw wkh Dowhuqdwlyh K|srwkhvlv ri d Xqlw Urrw= Krz Vxuh Duh Zh

Wkdw Hfrqrplf Wlph Vhulhv Kdyh d Xqlw UrrwB/ Mrxuqdo ri Hfrqrphwulfv/ 87/ ss148;04:;1

Oxfdv/ U1H1 +4<;;,= Prqh| Ghpdqg lq wkh Xqlwhg Vwdwhv= D Txdqwlwdwlyh Uhylhz/ Fduqhjlh0

Urfkhvwhu Vhulhv rq Sxeolf Srolf|/ 5</ ss146:049;1

Qhzh|/ Z1N1 dqg N1G1 Zhvw +4<;:,= D Vlpsoh Srvlwlyh Vhplgh�qlwh Khwhurvnhgdvwlflw| dqg

Dxwrfruuhodwlrq Frqvlvwhqw Fryduldqfh Pdwul{/ Hfrqrphwulfd/ 88/ ss1:360:3;1

Sdun/ M1\1 +4<<3,= Whvwlqj iru Xqlw Urrwv dqg Frlqwhjudwlrq e| Yduldeoh Dgglwlrq/ lq Dg0

ydqfhv lq Hfrqrphwulfv= Frlqwhjudwlrq/ Vsxulrxv Uhjuhvvlrqv dqg Xqlw Urrwv/ Yro ;/ hgv1

W1E1 Irpe| dqg J1I1 Ukrghv/ MDL Suhvv/ Juhhqzlfk1

Skloolsv/ S1F1E1 dqg Kdqvhq/ E1H1 +4<<3,= Vwdwlvwlfdo Lqihuhqfh lq Lqvwuxphqwdo Yduldeohv

Uhjuhvvlrq zlwk L+4, Surfhvvhv/ Uhylhz ri Hfrqrplf Vwxglhv/ 8;/ ss173:07691

Vwrfn/ M1K1 +4<<4,= Frq�ghqfh Lqwhuydov iru wkh Odujhvw Dxwruhjuhvvlyh Urrw lq X1V1 Pdfur0

hfrqrplf Wlph Vhulhv/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 5;/ ss1768078<1

Vwrfn/ M1K1 +4<<8,= Frlqwhjudwlrq/ Orqj0Uxq Frpryhphqwv dqg Orqj Krul}rq Iruhfdvwlqj/

lq Dgydqfhv lq Hfrqrplfv dqg Hfrqrphwulfv= Wkhru| dqg Dssolfdwlrqv/ Yro 6/ hgv1 N1I1

Zdoolv dqg G1P1 Nuhsv/ Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh1

Vwrfn/ M1K1 dqg Zdwvrq/ P1Z1 +4<<6,= D Vlpsoh Hvwlpdwru ri Frlqwhjudwlqj Yhfwruv lq

Kljkhu Rughu Lqwhjudwhg V|vwhpv/ Hfrqrphwulfd/ 94/ ss1 :;60;531

��� +4<<9,= Frq�ghqfh Lqwhuydov lq Frlqwhjudwlqj Uhjuhvvlrqv zlwk Qhduo| Lqwhjudwhg

Uhjuhvvruv/ xqsxeolvkhg pdqxvfulsw/ Kduydug Xqlyhuvlw|1
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Zuljkw/ M1K1 +4<<<,= Frq�ghqfh Vhwv iru Frlqwhjudwlqj Frh!flhqwv Edvhg rq Vwdwlrqdulw|

Whvwv/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ iruwkfrplqj1
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